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Analysis of Carrier Heating Effects in QuantumWell
Semiconductor Optical Amplifiers Considering Holes’
Non-parabolic Density of States
Mingjun Xia and H. Ghafouri-Shiraz
Abstract This paper studies effects of carrier heating on the amplified pico-second Gaussian pulse propagation in a quantum well
semiconductor optical amplifier (QW-SOA) taking into account the holes’ non-parabolic density of states. In the analysis we have
also considered the discontinuous distribution of energy band structure and the coupling between heavy hole (HH), light hole (LH)
and spin-orbit spilt-off (SO) bands. It has been found that at higher temperatures the wavelength at which the peak value of modal
gain occurs decreases (small blue shift). The pulse amplification performances of QW-SOAs for two unchirped Gaussian input pulses
having the peak power values of mw10 and mw100 have been investigated both in the presence and absence of the carrier heating
effects. It has been found that carrier heating effects broaden the amplified output signal pulse width and lower the peak value of the
amplified output pulse.
Keywords Carrier heating effects, holes’ density of states, quantum well, semiconductor optical amplifiers, ultra-short pulse
amplification
1. Introduction
Due to the potential application in the high-speed optical fiber communication network and all-optical signal processing, there has
been a considerable research interest in QW-SOAs (Juodawlkis et al. 2009; Huang et al. 2011; Sun et al. 2013; Qasaimeh
2008; Qin et al. 2012). Semiconductor optical amplifiers have many advantages including small size, wide wavelength range and
direct current pumping. However, the high-speed propagation of the pulse signal suffers from distortion due to the gain saturation
mechanism. Moreover, carrier heating effects imposes a further constrain on the gain dynamics (Tolstikhin and Willander 1990;
Mørk 1994; Mørk 1996). The study of carrier heating effects on pulse amplification is important for understanding of the
high-speed application of QW-SOAs.
The nonlinear gain in semiconductor optical amplifiers (SOAs) has been studied for various applications (Huang et al. 2011;
Agrawal and Olsson 1989; Ghafouri-Shiraz 1997; Zhou 2008; Xu 2011; Mørk 1996). However, in some reported studies the
effects that carrier heating has on the performance of amplifiers have not been considered. Carrier heating effects maintain electrons
and holes at a different temperature with the lattice. Temperature changes lead to the different Fermi-Dirac distributions in the
conduction and valence bands. This causes gain suppression in the optical pulse amplification. Besides, J.M. Dailey et. (Dailey and
Koch 2006; Dailey and Koch 2007) have experimentally illustrated the impact of carrier heating on the dynamic recovery process
of SOA. Their experimental results show that the carrier heating not only induces the suppression of material gain but also can
accelerate the carrier dynamic recovery. Thus, a systematic theoretical model of SOAs under carrier heating effects is necessary.
In QW-SOAs, the distribution of energy band structure is discontinuous and also due to the coupling among heavy hole bands, and
light hole bands as well as spin-orbit spilt-off bands, the valence band structure is non-parabolic. Thus, the Fermi-Dirac approximation
(Dailey and Koch 2007) cannot be adopted to analyse carrier heating effects in QW-SOAs. In this paper, we present a new method
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to analyse the carrier heating effects in QW-SOAs where the in-plane wave vector functions have been used to express the energy
densities in both conduction and valence bands. Based on the analysis of energy band structure in QW-SOAs we have obtained
derivates of energy density, U, with respect to both temperature ( Td/Ud ) and carrier density ( Nd/Ud ). To illustrate the effects
of carrier heating on picosecond pulse amplification, we analyse the modal gain spectra and spontaneous emission spectra at different
temperatures. Finally, we have investigated the carrier heating effects on picosecond pulse amplification in QW-SOAs for different
input pulses. To best of our knowledge, this is the first time that the peculiarity of the quantum well is considered in the calculations of
carrier heating effects due to the non-parabolic density of states for the holes.
We organize the paper as the follows. Section 2 presents the theory of carrier heating effects, the energy band structure and optical
process modelling in QW-SOAs. In Section 3, the energy band structure of a compressively strained quantum well amplifier, the
modal gain and spontaneous emission spectra at different temperatures and the effects of carrier heating on the Gaussian picosecond
pulse amplification in QW-SOAs are presented. Finally, the conclusion is given in Section 4.
2 Theory
2.1 Carrier heating effects
Assuming the temperature of electrons and holes, T is equal, the carrier temperature dynamics in QW-SOAs can be expressed as
(Dailey and Koch 2006; Dailey and Koch 2007; Dailey and Koch 2009; Qin et al. 2011):
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Where, both td/Nd and td/Ud can be obtained from the following carrier density rate equation and the total carrier energy density
rate equation (Dailey and Koch 2009; Qin et al. 2011):
  )SS(),N(gqVIdtdN ii
i
ig 


32
jg CNBNAN)EE(),N(g jj
j
  

 (2)
and
  ))(,())(( ii SSvNgNEhvdtdU i
i
gig 
 
i
iFCg ii SShN )( 
  ))(,())(( jj EEvNgNEhv j
j
gjg 
  
j
jFCg jj
EEhN )(  (3)
In the above equations, U is the total carrier energy density,  is the electron phonon interaction time, 0T is the lattice temperature,
q is the electron charge, V is the volume of the active region, I is the injected current,  is the optical confinement factor, g is the
group velocity, g is the material gain, i and j are, respectively, the optical input signal and the optical amplifier frequencies.

i
S and iS are the forward and backward propagating signals photon densities at the frequencies of interest while jE and

j
E are the
forward and backward photon densities due to the amplified spontaneous emission (ASE) of the amplifier. Parameters, gE , A , B ,
C and FC are, respectively, the band-gap energy, linear, Bi-molecular, Auger recombination and the free carrier absorption
cross-section, h is the Plank constant. The propagation of the incident optical signal within the optical amplifier can be expressed as
(Dailey and Koch 2009; Qin et al. 2011):
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Where, 0 is the waveguide loss. Since the bandwidth of the ASE is larger than that of the optical signal we can express the ASE
propagation equation as:
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Where, spR is the spontaneous emission rate. The photon densities

i
S and jE can be obtained by solving Eq. (4) and (5) using the
step-transition method (Ghafouri-Shiraz and Tan 1996). Then these densities can be used in Eq. (2) and (3) to calculate the rate of
change of carrier density td/Nd and the rate of change of carrier energy density td/Ud . Since the distribution of energy band
structure in a QW-SOA is discontinuous, the analysis of carrier heating effect needs to be considered in 2-D system. Moreover, due to
the mixing effects among heavy-hole bands, light-hole bands and spin-orbit spilt-off bands as well as the strain effects in the valence
band, the density of states is not constant for a certain sub-band. Thus, the parabolic band model reported in (O’Reilly et al. 1994)
cannot be used to analyse the energy band structure in valence band. These make the computation of the carrier heating effects in
QW-SOAs more complex. Hence, in this paper, we have used numerical method to investigate the carrier heating effects. The electron
(N) and hole (P) densities in the conduction and valence bands can be expressed as (Chuang 1995):
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Where, )E(f is the Fermi-Dirac distribution function, 2y
2
xt kkk  , xk and yk are the wave vectors in the x and y directions,
zL is the quantum well width, )( tcn kE is the nth sub-band energy in the conduction band and )( tvm kE is the mth HH, LH and SO
sub-band energy in the valance band. The total carrier energy density )U( is the sum of the carrier energy densities of the
conduction )U( C and valance )U( V bands as (Chuang 1995):
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BK is the Boltzmann constant, fcE and fvE are the quasi-Fermi levels in the conduction and valence bands, and cE and vE are their
band edges. Equations (8) to (10) can be used to calculate both ( T/U  ) and ( N/U  ).
2.2 QW-SOAs model
Based on the above analysis, in order to calculate the carrier heating effects in a quantum well SOA we need to calculate both the
conduction band )( tcn kE and valance band )( tvm kE sub-band energies, material gain and spontaneous emission rate. Both )( tcn kE
and )( tvm kE are determined by solving the following Schrodinger equations, respectively (Chuang 1995):
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where, cH and  ijH ,33 are the Hamiltonians for the conduction and valence bands, respectively, );( tn kz is the envelope function of
the nth conduction sub-band,  is the upper and lower matrix signs in the block diagonal Hamiltonian for the valence band and

jmg , is the hole envelope function. In Eq. (12), the strain-dependent coupling between HH, LH and SO bands has been considered in
order to obtain the valence-band energy (Chang and Chuang 1995; Sugawara et al. 1993; Chao and Chuang 1992).
In the presence of strain, the Hamiltonian in the conduction band can be expressed as (Chang and Chuang 1995; Sugawara et
al. 1993; Chao and Chuang 1992; Chuang 1991):
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In the above equations,  is the Plank constant divided by 2 , tk and zk are wave vectors in the perpendicular and parallel to the
growth directions, respectively, )(zVc is the potential energy of the unstrained conduction band edge, )(zVh is the unstrained valence
band edge, gE is the bandgap in the well, ca is the hydrostatic deformation potential for the conduction band, )( is the fractional
volume change, xx , yy and zz are the strain components, tem , and zem , are the electron effective masses in the perpendicular and
parallel to the growth directions, respectively, 0a and a are the substrate and the layer material lattice constants, 11C and 12C are the
stiffness constants.
Both the conduction and valence band energies are obtained from Eq. (11) and (12) using the finite difference method (Chang
and Chuang 1995). In calculations, we have taken the unstrained valence band edge in the well as the reference energy. The
conduction and valence band edges in the barrier are determined by the model-solid theory (Chuang 1991). For the conduction
band, Eq. (11) is first solved at 0k and then by ignoring the non-parabolic effects, we have obtained the whole conduction band
energy using the following expression (Zory JR 1993):
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For the valence band, the energy band structure can be obtained by substituting zik z  / into the Hamiltonian and applying the
finite difference method.
Besides the band structures of quantum well, the material gain )(g and the spontaneous emission rate )(spR are used to express
the optical signal propagation in the amplifier cavity. The material gain of QW-SOAs derived from the Fermi’s golden rule can be
written as (Chuang 1995):
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In the above equations, rn is the ground refractive index, c is the speed of light in free space, 0m is the electron rest mass in free
space, q is the magnitude of the electron charge, 0 and  are the permittivity in free space and the linewidth of the Lorentzian
function, respectively, eˆ is the polarization vector of the optical electric field, nmM is the momentum matrix element. The
quasi-Fermi levels in the conduction band ( fcE ) and valence band ( fvE ) are calculated using the dichotomy method (Kendall 1989).
Also, the carrier temperature in Eqs.(21) and (22) is calculated using Eq. (1). The spontaneous emission rate given in Eq.(5) can be
obtained by integrating the spontaneous emission spectrum , )( spr , over the whole optical energy that is (Qin et al. 2011;
Jongwoon et al. 2005):
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In Eq. (25), )( tsp kM is the momentum matrix element of the spontaneous emission, which is calculated through the TE polarization
component and the TM polarization component. The spontaneous emission rate can be obtained by integrating the spontaneous
emission spectrum over the whole optical energy.
3 Results and discussions
In the following first we have investigated the energy band structure, modal gain and spontaneous emission spectra at different
temperatures of a QW-SOA and then picosecond pulse amplification. The parameters used in the analysis are given in Table 1.
Table 1
Modelling parameters (Dailey and Koch 2009; Qin et al. 2011)
Symbol Description Value
n Background
refractive index 6.3
FC
Free carrier
absorption
cross-section
221105.0 m
A Linearrecombination
18102  s
B Bi-molecularrecombination
1316106  sm
C Augerrecombination
1641108  sm
 Electron phonon
interaction time ps1
0 Waveguide loss 11000 m
 Confinement factor 025.0
0N
Transparent carrier
density
324102.1  m
I Input current mA300
r Facet reflectivity 001.0
W SOAwidth m1
D SOA thickness nm5.24
L SOA length m750
3.1 Energy band, modal gain and spontaneous emission spectra
The well and barrier materials of the QW-SOA used in the following analysis are AsGaIn 36.064.0 and PAsGaIn , respectively,
lattice matched to InP substrate. The barrier band-gap wavelength is m15.1   and the well and barrier widths are nm5.4
and nm10 . Fig. 1 (a) and (b) show the conduction and valence bands of a compressively strained QW-SOA as a function of the
transverse wave vector. In the numerical simulation, the energy of the unstrained valence band edge ( )(zVh ) is taken as zero.
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1600
800
1000
1200
1400
1600
1800
Kt(A
-1)
E
ne
rg
y(
m
eV
)
(a)
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1-250
-200
-150
-100
-50
0
Kt(A
-1)
E
ne
rg
y(
m
eV
)
 
 
HH1
LH1
HH2
(b)
Fig. 1 Energy band structure of a compressively strained QW-SOA (a) conduction band structure (b) valence band structure
Figure 1 shows that the energy in the conduction band varies parabolically with the resultant wave vector tk . Figure 1(b) clearly
shows that the band structure in the valence is non-parabolic due to the strain-dependent coupling among heavy holes bands, light
holes bands and spin-orbit bands. Since the energy band structure is discontinuous and the valence band structure is non-parabolic for
QW-SOAs, the Fermi-Dirac approximation cannot be applied to calculate the carrier heating effects in QW-SOAs. Therefore, in this
paper as explained in Section 2(A) we have applied a new calculation method without using Fermi-Dirac approximation.
Furthermore, the modal gain spectra of the compressively strained QW-SOA for the TE mode polarization at different
temperatures are shown in Fig. 2. The carrier density is 324100.8  m . The peak of the TE modal gain is near nm1550 , which is low
loss for optical fiber communication. Figure 2 shows that the modal gain spectrum is pushed down as the temperature increases. This
is because the Fermi-levels in the conduction and valence bands are temperature dependent. When the temperature increases, the
Fermi-level in the conduction band decreases, while the Fermi-level in the valence band increases. The changes of Fermi-levels lead to
the reduction of the carrier occupation level. At the same time, the peak of modal gain spectrum shifts to the shorter wavelength when
the temperature is higher. The peak wavelengths of the modal gain spectrum are, respectively, )K300T(nm61.1544  ,
)350(50.1544 KTnm  and )K400T(nm28.1544  . This indicates that as the temperature increases, the modal gain peak wavelength
has a small blue shift.
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Fig. 2Modal gain spectra of TE mode for the compressively strained QW-SOAwith different temperatures at 324100.8  mN
The spontaneous emission spectra ( spzrqL ) is plotted in Fig. 3. In the simulation, again the carrier density
is .m100.8N 324  The figure shows that as the temperature increases the spontaneous emission spectra values decreases but the
3-dB bandwidths increases. This is because of changes in quasi-Fermi level due to the different temperatures which results in having
different density of states distributions.
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Fig. 3The spectra of spzrqL for the strained QW-SOAwith different temperatures at 324100.8  mN
3.2 Picosecond pulse amplification
In the following study, we explore the influences of carrier heating on the QW-SOAs picosecond pulse amplification based on the
theoretical analysis explained in section II. The input signals used in our simulations were two ideal Gaussian pulses, namely GP-1
and GP-2, both having the same FWHM of 2ps but different peak values of mw10 (GP-1) and mw100 (Gp-2) both centred at 3ps. The
operating wavelength of the input pulses is nm1550 . In the simulations, the QW-SOA cavity length is divided into 200 sections and
for each section, the travelling wave rate equation and the required boundary conditions (Connelly 2001) have been used to analyse
the optical filed propagation within the cavity. All other parameters used in the simulation are listed in Table-1. Figure 4 shows the
pulse amplification responses of input GP-1 both with and without considering the carrier heating effects. The time origin in x-axis
means the signal begins to exit the amplifier.
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Fig.4 QW-SOAs picosecond pulse amplification (input peak value mw10 ) with and without carrier heating effects
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Fig.5 QW-SOAs picosecond pulse amplification (input peak value mw100 ) with and without carrier heating effects
The figure shows that the carrier heating effects have reduced the output signal peak power from 2.62W to 1.03W and increased
its FWHM from ps2 to ps40.2 .This is because of material gain reduction due to the carrier heating effects as explained in Fig. 2.
Moreover, less amplification occurs in the leading edge and around the peak region. On the other hand, when the trail edge of the
pulse signal arrives a small number of carriers are depleted so that the gain coefficient remains high. However, when the carrier
heating effects are not considered the amplification in the leading edge depletes more carrier density due to the higher gain. The gain
coefficient decreases sharply after the leading edge amplification. Therefore, the output signal FWHM is narrower than the input
signal.
Figure-5 shows similar results for the input signal GP-2. In this case the output signal peak value has decreased from 9.23 W to
1.87W and its FWHM value has increased from 1.9ps to 2.8ps due to carrier heating effects. Comparison of Fig. 4 and 5, indicates
that when carrier heating effects are considered the higher the input pulse power, the broader the pulse width of the amplified output
pulse
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Fig.6 Average carrier temperature of the amplifier cavity in picosecond pulse amplification process with the input peaks mw10
and mw100
Figure 6 shows the average carrier temperature of the amplifier cavity during the pulse propagation. The initial lattice temperature
is 300K and the time on the x-axis means the optical signal begins to enter the amplifier. The results indicate that the carrier
temperature hardly changes when ps4t  this is because the propagation and amplification of the input pulse needs time.
When ps4t  , due to the large optical field (stimulated emission) and the free carrier absorption in the amplification cavity, the rates
of energy and carrier density changes are high. The highest temperatures are K9.350 (GP-1) and K1.441 (GP-2). When the input
peak value is mw100 , the carrier temperature arrives at the peak point earlier. This is because a smaller amplification has saturated
the amplifier when the input power is higher.
4 Conclusion
In this paper, we have presented a new method to analyse carrier heating effects in QW-SOAs considering the discontinuous
distribution of energy band structure and the coupling among heavy hole bands and light hole bands as well as spin-orbit spilt-off
bands. Based on the analysis of energy band structure, the conduction and valence band structures for compressively strained quantum
wells are obtained. The modal gain spectra and the spontaneous emission spectra were investigated at different temperatures. It has
been shown that as the temperature increases, the modal gain spectrum values and the spontaneous emission spectrum values descend
due to the decrease of the Fermi level in the conduction band and the increase of the Fermi level in the valence band. A small blue
shift appears in the modal gain spectrum. We have also investigated the picoseconds pulse amplification in QW-SOAs by considering
the carrier heating effects. The results showed that carrier heating effects have significantly distorted the amplified output pulse and
hence broadened it.
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